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Changes in Permeability Caused by
Connexin 32 Mutations Underlie
X-Linked Charcot-Marie-Tooth Disease
Seunghoon Oh, Yi Ri, Michael V. L. Bennett, (Omori et al., 1996) cannot explain the observed pheno-
typic effects of CMTX mutations, since only one X chro-E. Brady Trexler, Vytas K. Verselis,
mosome is active in somatic cells. The phenotype couldand Thaddeus A. Bargiello*
arise if CMTX mutations behaved epistatically by sup-Department of Neuroscience
pressing the function of other connexins that may beAlbert Einstein College of Medicine
normally coexpressed in Schwann cells, but the expres-Bronx, New York 10461
sion of other connexins subject to trans-dominant ef-
fects has not yet been demonstrated in myelinating
Schwann cells. A recent study of 27 CMTX families has
Summary suggested that nonsense mutations of Cx32 may pro-
duce more severe forms of the disease than missense
The relationship between the loss of connexin 32 func- mutations (Ionasescu et al., 1996). However, as mis-
tion and clinical manifestations of X-linked Charcot- sense mutations can result in functional channels with
Marie-Tooth (CMTX) disease is unknown. Here, we altered properties as well as nonfunctional channels,
report that eight of nine CMTX mutations investigated biophysical characterizations of channels formed by
form channels with measurable electrical conduc- missense mutations are required to determine the mo-
tance. Single-channel studies of two mutations dem- lecular basis of the loss of Cx32 function and to establish
onstrate reduced junctional permeability caused by a if changes in function correlate with the severity of the
decrease in either pore size (S26L) or open channel disease.
probability (M34T) that favors residency in a low-con- In peripheral nerve, Cx32 is found in myelinating
ductance substate. Permeation of second messen- Schwann cells, where it is believed to form reflexive gap
gers such as cAMP through reflexive gap junctions junctions (Scherer et al., 1995) that shorten the commu-
between adjacent cytoplasmic loops of myelinating nication pathway between theperiaxonal cytoplasm and
Schwann cells is likely to be reduced or absent in these the peripheral cytoplasm in which the cell nucleus is
channels. We propose that CMTX mutations impair located. It is likely that reduced communication through
this pathway perturbs some aspect of normal glial-neu-the transduction of signals arising from normal glial-
ronal interactions that are critical to the maintenance ofneuronal interactions and thereby cause demyelin-
myelin sheaths and axons (Doyle and Colman, 1993).ation and axonal degeneration.
The characterization of CMTX mutations that only par-
tially alter channel function should help to establish theIntroduction
critical features of this signaling pathway and the etiol-
ogy of CMTX disease.Charcot-Marie-Tooth disease comprises a common but
heterogeneous group of inherited late onset peripheral
Resultsneuropathies that display similar clinical manifestations
characterized by loss of sensation and progressive
Genetic Analysis of the N Familyweakness and by atrophy of distal muscles (Vance,
The N family, whose pedigree is shown in Figure 1A,
1991; Suter et al., 1993). It is well-established that loss-
has been extensively examined for symptoms of CMT
of-function mutations of Cx32, a member of the gene
disease (Ohnishi et al., 1995). The proband III-1 is a 28-
family encoding gap junctions, underlie the etiology of year-old male presenting moderate manifestations of
the X-linked form of the disease (Bergoffen et al., 1993; the disease, including reduction in nerve conduction
Fairweather et al., 1994; Bennett, 1994; Ionasescu et al., velocity and extensive demyelination and atrophy of the
1994, 1995; Orth et al., 1994; Bone et al., 1995). Nearly sural nerve. The coding region of Cx32 (nt 852) of the
90 mutations associated with X-linked Charcot-Marie- proband was amplifiedby the polymerase chain reaction
Tooth disease (CMTX) have been mapped to the coding (PCR) from genomic DNA using oligonucleotide primers
region of Cx32 (Scherer, 1997), including several mis- corresponding to the published sequence of human
sense mutations that fail to produce functional channels Cx32 (Kumar and Gilula, 1986). Sequencing of ten inde-
when exogenously expressed in pairs of Xenopus laevis pendent clones revealed the same C→T transition at
oocytes (Bruzzone et al., 1994a; Omori et al., 1996). The nucleotide 77 (Figure 1B), which results in a nonconser-
clinical manifestations of the disease vary considerably vative amino acid substitution, S26L, located in the first
among affected individuals. In general, heterozygous transmembrane domain of Cx32. With the exception of
females are less severely affected than hemizygous males Cx33, which contains a Lys residue at this position and
carrying CMTX mutations. This incomplete dominance does not form functional channels in Xenopus oocytes
presumably arises as a consequence of X chromosome (Bruzzone et al., 1994b; Chang et al., 1996), Ser or Thr
inactivation in heterozygous females that would lead to residues are conserved among the remaining 12 mem-
bers of the connexin gene family at this position. Thea mosaic of wild type and mutant myelin. The ability of
coding region of Cx32 from individuals I-2, II-3, and II-4some CMTX mutations to behave as dominant negative
was amplified by PCR, cloned, and sequenced. Of sevensuppressors of Cx32 in exogenous expression systems
independently isolated clones from female I-2, four con-
tained the S26L mutation and three were wild type, indi-
cating that the maternal grandmother was heterozygous* To whom correspondence should be addressed.
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Gmin) of 25%±30% at large voltages in the steady-state
Gj-Vj relation and a calculated gating charge of z2. The
voltage at which conductance is half maximal, V1/2, is
shifted by z15 mV toward zero in the mutant junction
from the 45±50 mV of the wild-type junction (Figures 2A
and 2B). This shift corresponds to a difference in free
energy of z350 cal/mole between the open and closed
states. The similarity of the voltage dependence sug-
gests that the S26L substitution did not alter substan-
tially the structure of the channel.
Given the ability of S26L to form functional channels,
we examined four other CMTX mutations (I30N, M34T,
V35M, and V38M) that lie within the first transmembrane
domain of Cx32. As illustrated in Figures 2C±2H, these
mutations form functional channels when expressed ei-
ther homotypically or heterotypically with Cx32 in pairs
of Xenopus oocytes. Of this set of mutations, the effect
of the I30N substitution appears to be the least severe.
The conductance-voltage relation of thehomotypic I30N
junction resembles that of S26L, in that it displays a
small shift in V1/2 to z30 mV and does not alter the
calculated gating charge (Figure 2C). In contrast, the
conductance-voltage relations of M34T, V35M, and
V38M differ from wild type and suggest that structural
and functional perturbations have occurred. The con-
ductance-voltage relation of V35M is most altered. In
homotypic pairings, junctional currents are substantially
reduced to levels barely detectable (data not shown).
In heterotypic V35M/Cx32 junctions(Figure 2H), the con-
ductance-voltage relation is shifted such that junctional
conductance is maximal at 275 mV and reduced by
z20-fold at zero transjunctional voltage. The conduc-
tance-voltage relation of this heterotypic junction can
be explained by a large shift in the conductance-voltage
relation of the mutant hemichannel (see Harris et al.,
Figure 1. Genetic Analysis of N Family
1981; Verselis et al., 1994; Figure 2 legend) that reduces
(A) The pedigree of the N family. Individuals displaying symptoms
the open probability of the hemichannel at Vj 5 0. Theof CMT disease are indicated by the closed symbols. The proband's
low open probability of the mutant hemichannel at Vj(individual III-1) maternal grandfather, I-1, is deceased.
5 0 is consistent with the barely detectable junctional(B) DNA sequence of Cx32 from the proband and an unrelated wild-
type individual is shown. The asterisks mark the C→T transition that conductance observed in homotypic V35M junctions
results in a missense mutation. and suggests that the low conductance is not due to
failure of the mutant junctional protein to form hemi-
channels that reach the membrane surface.
for the mutation. Similarly, six wild type and six mutant In heterotypic pairings with Cx32, both M34T and
clones were obtained from the proband's mother, indi- V38M display qualitatively similar behavior to V35M, in
vidual II-3 in the pedigree. The unaffected male II-4 had that they produce considerable shifts in their Gj-Vj rela-
only wild-type Cx32 (12 clones sequenced). The correla- tions (Figures 2F and 2G). In both cases, maximal junc-
tion of this mutation with the genetic pedigree indicates tional conductance is z53 greater than the conduc-
that the S26L mutation is the likely cause of CMT in the tance at Vj 5 0, suggesting that open probability of these
N family. two hemichannels has been reduced at this voltage.
Both M34T and V38M homotypic junctions express junc-
The S26L Mutation and Other CMTX Mutations tional currents. The Gj-Vj relation of homotypic M34T
Form Functional Channels junctions (Figure 2D) is altered more than that of V38M
In contrast to several other CMTX mutations, but like (Figure 2E), suggesting that the open probability of the
CMTX mutations that truncate the carboxyl terminus of V38M hemichannel at Vj 5 0 would be greater than that
Cx32 (Rabadan-Diehl et al., 1994; Omori et al., 1996), the of M34T in homotypic pairings.
S26L mutation forms functional channels when expressed In addition, we examined the expression of four other
in pairs of Xenopus oocytes. The junctional conduc- CMTX missense mutations (G12S, P87A, E102G, and
tance-transjunctional voltage (Gj-Vj) relations (where Gj D111±116) that lie outside of TM1. Of these, only G12S
is the junctional conductance, gj, normalized to the value failed to express junctional currents in homotypic pair-
at Vj 5 0) and the time course of current relaxations are ings and in heterotypic pairings with Cx32. G12 is be-
similar in the S26L mutant and human wild type. Both lieved to initiate the formation of a reverse turn that
positions the amino terminus of Cx32 into the channeldisplay a substantial residual conductance (normalized,
Changed Permeability of CMTX Mutations
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Figure 2. Conductance-Voltage Relations of Junctions Formed by Wild-Type Human Cx32 and Eight CMTX Mutations
Data were obtained from macroscopic recordings of pairs of Xenopus oocytes following injection of in vitro synthesized RNA. Conductances
are normalized to the value predicted at Vj 5 0. Closed triangles denote initial conductances; open triangles denote steady-state conductances.
When possible, the data were fit to a Boltzmann relation of the form described by Rubin et al. (1992). In the heterotypic pairings illustrated
in (F)±(H), the transjunctional voltage plotted corresponds to voltage applied to the cell expressing Cx32. As the Cx32 hemichannel closes on
the application of transjunctional potentials relatively negative at its cytoplasmic face, the decreased conductance observed at relatively
positive potentials in the heterotypic records reflects the closure of the mutant hemichannel.
pore (see Verselis et al., 1994). It is possible that the interactions by changing the degree of twist caused
by a proline kink motif present in wild-type TM2 andG12S substitution prevents the formation of this turn,
or, alternatively, it may disrupt the normal cellular pro- consequently may change the conformation of amino
acids that line the pore (Barlow and Thornton, 1988;cessing of Cx32. The remaining three mutations, P87A,
E102G, and D111±116, all form functional junctions Ballesteros and Weinstein, 1992; Sankararamakrishnan
and Vishveshwara, 1992; Suchyna et al., 1993; Y. R. etwhose macroscopic properties do not differ substan-
tially from wild-type Cx32 when expressed in pairs of al., unpublished data).
The observation that five mutations (S26L, I30N, P87A,Xenopus oocytes (Figures 2I±2K). E102G and D111±116
are located in the cytoplasmic loop of Cx32, a domain E102G, and D111±116) form functional gap junctions
whose voltage dependence does not differ substantiallythat interacts with the amino terminus and may influence
pore structure (S. O. et al., unpublished data). Similarly, from wild type, yet cause the CMTX disease phenotype,
suggests that alterations in junctional permeability arethe P87A substitution may alter transmembrane helix
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responsible for the loss of Cx32 function underlying voltages (10 and 20 mV), both wild type and mutant
channels reside almost exclusively in the fully open stateCMTX. The macroscopic behaviors of the other three
mutants (M34T, V35M, and V38M), in which open proba- (data not shown). Thus, as suggested by the similarities
in the conductance-voltage relations (Figure 2B), thebility appears tobe substantially reduced, are consistent
with this hypothesis. To investigate further the perme- mutation does not appear to change markedly the open
probability of the channel at all transjunctional voltagesability of junctions formed by CMTX mutations, we ex-
amined the single-channel properties of two mutations examined. As there is unlikely to be any transjunctional
voltage gradient across reflexive gap junctions presentlocated in TM1: S26L, which displays a nearly wild type
conductance-voltage relation, and M34T, which dis- within Schwann cells, we expect that both wild type
and mutant channels will be fully open under normalplays a substantial shift in its conductance-voltage rela-
tion. The coding regions of human wild-type Cx32, S26L, physiological conditions.
A difference in the conductance of wild type and S26Land M34T were transfected into the mouse Neuro-2A
(N2A) cell line. Two stably transfected human Cx32 wild channels was observed when the internal pipette solu-
tions contained 145 mM LiCl (Figure 4). The conduc-type, two S26L, and three M34T cell lines were charac-
terized. Expression of transfected connexin genes in tance of the fully open channel and average size of
the gating transitions were 54 6 5.9 and 40 6 1.8 pS,each cell line was confirmed either by immunocyto-
chemistry using a monoclonal antibody provided by Dr. respectively, for the wild-type channel (three cell pairs)
and 43 6 2.9 and 30 6 2.7 pS for the S26L mutationE. Hertzberg that recognizes an epitope in the cyto-
plasmic loop of Cx32 or by DNA sequencing of RT-PCR (six cell pairs). The difference in the size of the gating
transitions is statistically significant (t 5 6.20; p , 0.001).products of mRNA isolated from each transfected cell
line (data not shown). There was no evidence of endoge-
nous connexin expression in the cell lines used in this Determination of the Pore Size of Wild Type
study. and S26L Channels
To examine if the reduction in conductance of the S26L
mutation in LiCl recording solutions resulted from a de-Comparisons of Unitary Conductances
crease in the channel radius, we determined how currentof Wild Type and S26L Gap Junctions
flow through the wild type and S26L mutant channelsSingle-channel records of Cx32 gap junctions formed
was affected by a series of nonelectrolytes with differingby wild type and the S26L mutation are presented in
hydrodynamic radii and viscosities (Vodyanoy and Bez-Figure 3. The S26L mutation has little if any effect on
rukov, 1992; Bezrukov and Vodyanoy, 1993; Krasilnikovthe unitary conductance of wild-type Cx32 channels,
et al., 1995). The presence of a nonelectrolyte in thewhen records are obtained with internal pipette solutions
channel pore is expected to cause a significant reduc-containing 140 mM CsCl. In both cases, the application
tion in single-channel conductance as a consequenceof transjunctional voltage (Vj) elicits a current corre- of several possible factors, including block, reductionsponding to a junctional conductance of z70 pS (see
in dissolved salt activity, and an increase in the bulkposition 1 in Figures 3A and 3B; and all-points histo-
solution resistivity. Exclusion of the nonelectrolyte fromgrams in Figures 3D and 3E). We ascribe this conduc-
the aqueous pore should affect only the access resis-tance to the fully open channel. Subsequently, transi-
tance of the channel, which, in the case of the single-tions of z45 pS, z50 pS, and z60 pS are evident in both
channel measurements of gap junctions, is expected torecords. Although the low frequency of gating events
make only a small contribution to total channel resis-observed in these records complicates analysis of the
tance. In wild-type channels, a large change in unitaryrelation among these transitions, they are suggestive of
conductance occurs when polyethylene glycol (PEG)the presence of discrete subconductance states. The
300 or smaller molecules are included in the recordinglack of any superimposition of open states is consistent
solution (Figure 5). The simplest interpretation of thiswith the presence of a single-channel with transitions
result is that molecules with a hydrodynamic radius #5.8between a 70 pS main open state and three subconduc-
AÊ can occupy the pore and that the effective pore radiustance states of z25, 20, and 10 pS (see Figures 3C and
of the wild-type channel is between 6 and 7 AÊ . In con-3F). In addition to these transitions, both mutant and
trast, the conductance of the S26L channel remainedwild-type channels can display complex gating transi-
constant at the maximum level for all nonelectrolytestions that are not resolvable as discrete eventsand result
tested and was similar to the conductance of the wild-in complete channel closure (position 2 and 29 in Figures
type Cx32 channels for PEGs that could not enter the3A and 3B). They are similar in appearance to the dock-
wild-type channel pore. Thus, the radius of the mutanting currents associated with channel formation and with
channel pore is smaller than the hydrodynamic radiuscomplete closure (Bukauskas and Weingart, 1994); they
of glycerol, z3.1 AÊ , the smallest nonelectrolyte tested.also resemble loop gating in Cx46 hemichannels (Trexler
et al., 1996). They most likely represent a different gating
mechanism than the fast and discrete transitions as- Ionic Permeabilities of Wild Type
and S26L Channelscribed to Vj-dependence.
The probability that the wild type and mutant channels We further examined permeability through the S26L mu-
tant channel by using ionic gradients and biionic condi-reside in the fully open state, determined from the ratio
of areas under the peaks in the all points histograms tions. In a 10:1 CsCl gradient osmotically balanced with
mannitol, the reversal potential (Erev) of the S26L channelcorresponding to these records (Figures 3D and 3E),
is 0.4 and 0.3, respectively. At smaller transjunctional is 5.6 mV (Figure 6A), indicating slight anion selectivity.
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Figure 3. Continuous Single-Channel Rec-
ords of Wild-Type Human Cx32 (A) and S26L
(B), Respectively, Obtained from Pairs of
Transfected Neuro-2A Cells in Double Whole-
Cell Patch Recording with 140 mM CsCl Pi-
pette Solutions
Initially, both cells were voltage clamped at
0 mV. Transjunctional voltages (Vj) were ap-
plied by stepping one cell over a range of
280 to 180 mV. The current traces recorded
from the unstepped cell shown in (A) and (B)
correspond to junctional currents, Ij, elicited
by Vj steps of 260 mV and 255 mV, respec-
tively. Changes in junctional current are re-
flected by equal and opposite transitions in
the current trace of the stepped cell (data not
shown). The dashed lines indicate the fully
open (o) and fully closed states (c). The num-
bers 1 and 3 mark the onset and termination
of the Vj step, the number 2 marks a slow
gating event to the fully closed state, and 29
a slow gating event to the fully open state. In
the wild-type record shown, an z20 pS step
was observed at the termination of the Vj step
(position 3), indicating that the channel was
in the 20 pS subconductance state at this
time. The magnitude of the subconductance
state accounts for the 30% Gmin observed in
macroscopic recordings. No change in con-
ductance was observed in this record of the
S26L channel at the end of the Vj step be-
cause the channel had entered the fully
closed (nonconducting) state by a slow gat-
ing transition prior to the termination of the
Vj step. (C) The boxed region of the wild-type
record is expanded. The dashed lines indi-
cate the fully open (o), fully closed (c), and
three subconductance states. (D±F) All points
histograms corresponding to traces (A), (B),
and (C), respectively. The dashed lines indi-
cate the current levels of open and closed
states depicted in the single-channel traces. In (F), the region of the histogram between 0 and 2 pA is magnified to show the resolution of
three possible channel substates. Data were filtered at 1 kHz with a four-pole low pass Bessel filter and digitized at 5 kHz using an Axopatch
200B integrating patch amplifier and a Digidata 1200A interface (Axon Instruments, Foster City, CA). The portion of the record shown in (C)
was digitally filtered at 50 Hz for presentation. All points histograms were constructed with a bin size of 0.05 pA and fit to a Gaussian using
Origin 4.0 software (Microcal Software Inc.).
The relative permeability of Cl2 to Cs1 (PCl/PCs) is 1.3 2.9 pS). Similarly, the conductance of the fully open
wild-type channel in LiCl can be predicted from theusing the Goldman-Hodgkin-Katz (GHK) voltage equa-
tion. A similar result was obtained for the wild-type chan- conductance observed in CsCl solutions and the Cl/Cs
permeability ratio (54 6 5.9 pS observed versus 55 pSnel (Erev 5 7.6 6 3.2 mV; data not shown), although
the permeability of mannitol in wild-type channels (see predicted), if one assumes that Cs1 and Li1 permeate
the wild-type channel according to their bulk solutionFigure 5) may have caused the reversal potential to be
shifted slightly toward zero. Similar anion selectivity of mobilities. The simplest explanation for these results is
that ions permeate gap junctions formed by wild-typeCx32 channels has been reported (Harris et al., 1992;
Veenstra, 1996). Using biionic conditions and the GHK Cx32 and S26L by free diffusion. The reduction in unitary
conductance of the mutant channel observed in LiClvoltage equation with Erev 5 11.8 mV (Figure 6B) and
assuming PCl/PCs 5 1.3 (see Experimental Procedures), (z40%) is likely to arise as a consequence of its smaller
pore radius, less than 3.1 AÊ , which is close to that of awe determined that PLi/PCs in the mutant channel was
z0.15. This value for PLi/PCs is substantially less than hydrated Li1 ion, z3 AÊ (Hille, 1975).
that predicted by the diffusion coefficients of Li1 and
Cs1 in bulk solution where PLi/PCs 5 0.5, indicating a Single-Channel Behavior of M34T Channels
in Transfected N2A Cellssubstantial decrease in permeability of the mutant chan-
nel to Li1. Based on the observed conductance in CsCl Figure 7A illustrates that the single-channel behavior of
the M34T substitution is substantially different from wildsolutions, the permeability ratios calculated for Cs1, Li1,
and Cl2 predict a conductance of 44 pS for the fully type. The application of a transjunctional voltage step
of 280 mV (at position 1 in trace [a]) elicits a junctionalopen mutant channel in symmetric 145 mM LiCl. This
value is in close agreement with that observed (43 6 current, resulting in a 15 pS conductance as determined
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Figure 4. Segments of Double Whole-Cell
Patch Records Representative of Wild-Type
Human Cx32 andthe S26L Mutation Obtained
with Pipette Solutions Containing 145 mM
LiCl
(A) In the record from a wild-type channel, a
transjunctional voltage of 260 mV was ap-
plied at the arrow. Conductance of the fully
open state, determined by the allpoints histo-
gram shown in (C), was 58 pS; the conduc-
tance of the substate was 16 pS.
(B) In the segment of the S26L record (re-
corded at Vj 5 260 mV), two different transi-
tions (31 and 43 pS) are evident, as deter-
mined by the all points histogram shown in
(D). The large transition (43 pS) indicated by
the arrow corresponds to a complex gating
transition (loop gating) and reflects the con-
ductance of the fully open channel. The
smaller transition is between the fully open
state and a substate. In two cell pairs ex-
pressing a single S26L channel, the conduc-
tance of the fully open channel at the applica-
tion of a Vj step was z45 pS (data not shown).
(C and D) All points histograms corresponding to traces (A) and (B), respectively. The dashed lines indicate the current levels of open, sub-,
and closed states depicted in the single-channel traces shown in (A) and (B).
Data were filtered at 1 kHz with a four-pole low pass Bessel filter and digitized at 5 kHz using an Axopatch 200B integrating patch amplifier
and a Digidata 1200A interface (Axon Instruments, Foster City, CA). In (A) and (B), records were subsequently digitally filtered at 250 Hz for
presentation. All points histograms were constructed with a bin size of 0.05 pA and fit to a Gaussian using Origin 4.0 software (Microcal
Software Inc.). Pipette resistances were 5±10 MV.
by the all points histogram shown in Figure 7B. The differ substantially from the z70 pS conductance of the
fully open Cx32 wild-type channel. We believe that thechannel makes brief transitions to an z65 pS state (48
pS transition at position 2 in trace [c]) that does not 15 pS conductance corresponds to a channel substate.
As illustrated by the all points histogram (Figure 7C), the
M34T channel resides in this low-conductance substate
z98% of the time at 280 mV. Furthermore, the applica-
tion of any magnitude of transjunctional voltage step
from Vj 5 0 almost invariably results in a 15±20 pS con-
ductance, indicating that the channel resides predomi-
nantly in a low-conductance substate at Vj 5 0. Thus,
it appears that the major effect of the M34T mutation is
to cause a large reduction in open channel probability
without causing substantial changes in theconductance
of the fully open channel. These data are consistent
with the macroscopic behavior of the channel shown
in Figures 2D and 2F. We have not directly examined
permeation through the fully open or substates of M34T
channels, but a large decrease in junctional permeability
Figure 5. The Effect of Nonelectrolytes on the Conductances of would be caused by the reduction in open time, which
Wild Type and S26L Channels favors channel residence in a low permeability substate.
The conductance, determined by all points histograms, of wild-type
Cx32 channels (closed squares) and S26L mutant channels (open
Discussioncircles) is plotted as a function of thehydrodynamic radius of a series
of nonelectrolytes that were included in the recording solution. For
S26L channels, the conductance is essentially unaffected by the Structural Implications of the S26L
nonelectrolytes used and is near the maximum observed for wild- and Other TM1 Mutations
type channels. In the case of wild-type channels, the conductance The similarity of single-channel conductance of mutant
rises sharply between PEG 300 and PEG 400. The large standard
and wild-type channels in CsCl solutions and exclusiondeviation of the mean for PEG 300 in the wild-type channel results
of nonelectrolytes larger than glycerol can be explainedfrom a bimodality in the conductances observed. In four cell pairs,
the mean conductance was 20 6 1.8 pS, indicating that PEG 300 if the S26L mutation forms a constriction near the mouth
had entered the channel, whereas in two cell pairs, the mean con- of the channel (Figure 8A). In this model, the access
ductance was 33 6 2.0 pS, indicating that PEG 300 was excluded. resistance at either end of the mutant channel in CsCl
The bimodality of the data suggests that the wild-type channel may would not differ substantially from that of wild type.
occupy other long-lived states that we have not distinguished in
Consequently, the flux of ions that pass through eitherour single-channel recordings or may be assembled in different
channel would be determined predominantly by the re-conformations with altered permeability but not conductance. Mole-
cules larger than PEG 300 were always excluded. sistance associated with the entire length of the pore.
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Figure 6. Reversal Potentials of S26L Chan-
nels in Salt Gradients and Biionic Conditions
Ramp voltages between 280 and 180 mV
were applied to one cell.
(A) A representative determination of the re-
versal potential (Erev) of a single S26L channel
in a 10:1 CsCl gradient. The junctional current
trace was fit to a single exponential function
and is representative of 60 consecutive 1.24
s voltage ramps applied to the cell containing
the higher salt concentration. The insert
shows a portion of the fit of the junctional
currents, indicating Erev 5 6.5 mV. The aver-
age Erev was 5.6 6 1.8 mV for the 60 traces,
which corresponds to a permeability ratio PCl/
PCs 5 1.3 using the Goldman-Hodgkin-Katz
(GHK) voltage equation.
(B) A representative trace and Erev of a single S26L channel under biionic conditions (1:1 LiCl/CsCl). The reversal potential was 9.5 mV (see
insert); the average Erev determined from 120 ramps applied to the cell containing LiCl was 11.8 6 1.1 mV, corresponding to a PLi /PCs of 0.15,
calculated by the GHK voltage equation assuming PCl /PCs 5 1.3 (see Experimental Procedures).
In the case of ions with a small hydrated radius, such of the voltage dependence of S26L and wild-type chan-
nels suggests that significant structural perturbationsas Cs1 (1.8 AÊ radius; Hille, 1975), the region where the
serine residue is located would make only a small contri- do not occur. We are currently investigating the accessi-
bility of S26C in Cx32 junctions to smaller thiol reagents.bution to the total channel resistance, and this would
not be changed significantly by the leucine substitution Recently, Unger et al. (1997) reported the structure of
Cx43 gap junctions channels at 7 AÊ resolution. Their(see Figure 8A legend). However, the reduction in pore
size caused by the presence of leucine residues near work indicates that gap junctions comprise four mem-
brane-spanning domains that adopt an a-helical con-the mouth of the mutant channel would have a larger
effect on the passage of molecules whose size ap- formation. Figure 8B shows the position of the five
CMTX missense mutations investigated in this study onproaches that of the channel opening, z3 AÊ (see Renkin,
1954; Solomon, 1986), explaining both the observed ex- the axial projection of an a-helical representation of the
backbone of TM1. The magnitude of the shift in the con-clusion of nonelectrolytes and thedecreased permeabil-
ity to ions with a larger hydrated radius. These consider- ductance-voltage relations of the five missense CMTX
mutations that lie within TM1 is correlated with theirations suggest that the first transmembrane domain of
Cx32 contributes to the lining of the aqueous pore of position in this representation.S26L and I30N mutations,
which produce the smallest changes in their conduc-the gap junction channel. This conformation contrasts
with existing models of gap junction topology inferred tance-voltage relations, are flanked by residues M34
and I33, which have been shown to be accessible toentirely from amino acid sequence but is consistent
with the observation that charged amino acid residues cysteine modification reagents (Zhou et al., 1997).
Therefore, all four residues, I30, S26, I33, and M34, maylocated at the border of the first transmembrane domain
and first extracellular loop (TM1/E1) contribute to the lie in the permeation pathway of the open channel. The
mutation demonstrating the largest change in macro-formation of the Cx32 transjunctional voltage sensor
(Verselis et al., 1994) and therefore should lie close to scopic behavior, V35M, is furthest from the helical face
formed by I33 and M34, raising the possibility that itthe aqueous pore.
Recently, Zhou et al. (1997) investigated the accessi- has significant interactions with other transmembrane
helices. Such interactions could explain the large shiftbility to the thiol reagent maleimido-butyryl-biocytin of
cysteine substitutions of amino acid residues in a con- observed in the Gj-Vj relation of this mutation. The simi-
larity of the single-channel conductance of the openducting hemichannel formed by the Cx32 chimera,
Cx32*Cx43E1. They concluded that TM1 contributes to state of M34T to wild type is reasonable, as the bulk of
the threonine side chain is somewhat smaller than that ofthe lining of this channel. Contrary to the prediction from
our data, the S26C residue was not modified by their the methionine residue present in the wild-type channel.
reagent. This result may have been a consequence of
two factors: extracellular application of the reagent,
which would be quite distant from the S26C residue, Implications for CMTX
In this paper, we report that eight of nine missenseand steric hindrance, as the thiol reagent used is large
(537 Da), with molecular dimensions somewhat larger CMTX mutations that we have examined form functional
channels. Three mutations, M34T, V35M, and V38M,than the radius we predict for the Cx32 pore. We cannot
at this time exclude the alternative possibility that the cause substantial shifts in the conductance-voltage
relation that would likely cause significant reductionsleucine substitution at S26 resides deeper in the wall of
the channel and causes a conformational change that (5- to 20-fold) in channel open probability. Single-chan-
nel studies of M34T support this interpretation and dem-pushes a pore lining residue inward to obstruct the lu-
men. However, we feel that this hypothesis is less likely, onstrate that under normal physiological conditions, the
channel would reside predominantly in a 15±20 pS sub-as the mutation would be expected to change the struc-
ture of the channel substantially, whereas the similarity state. It is interesting to note that the same mutation,
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Figure 8. Diagrammatic Representations of S26L and Other CMTX
Mutations in TM1
Figure 7. Representative Segments of an z3 Min Single-Channel (A) A proposed structural model of a S26L gap junction channel
Record of M34T compared to a wild-type Cx32 gap junction channel showing a con-
striction in the channel pore resulting from the Leu substitution. IfAt position 1 in trace (a), a transjunctional voltage step of 280 mV
the resistance of the wild-type channel, RWT, can be approximatedwas applied that resulted in a current corresponding to a 15 pS
by that of a cylinder of length l and radius r and the resistance ofjunctional conductance. The break in the current record in trace (b)
the mutant channel, RMUT, by that of cylinders in series, one of lengthcorresponds to approximately 1 min. Position 2 in trace (c) marks
(l 2 2Dl) and radius r and two of length Dl and radius r/n, then thetwo 48 pS transitions from the substate, which result in a 63 pS
ratio of mutant to wild-type resistances is given by RMUT/RWT 5 [1 1state that most likely reflects the conductance of the fully open
2(n2 2 1)Dl]/l. If RMUT is no more than 10% greater than RWT and n 5M34T channel. The all points histogram shown in (B) corresponds
2, then Dl/l , 0.02. Thus, if the leucine residue occupies 2% of theto the initial second of the record around position 1. The histogram
length of the channel pore, the single-channel conductance in CsClin (C) corresponds to the entire trace (c) in (A). The open probability
would be changed by only 10%. This narrow a constriction wouldof the 63 pS state, determined by the area under the peaks, was
appear to be a reasonable contribution for a single amino acid toz0.02 for thissegment of the record, which approximates thebehav-
total channel length.ior of the channel for the entire duration of the record. This result
(B) The positions of amino acid residues 23±39 of the first transmem-is representative of all M34T single-channel records obtained in
brane domain of Cx32 in the axial projection of an a-helicalthree independent stably transfected Neuro-2A cell lines. Records
backbone.were obtained with 140 mM CsCl pipette solutions. Data were fil-
tered at 1 kHz with a four-pole low pass Bessel filter and digitized
at 5 kHz using an Axopatch 200B integrating patch amplifier and a
Digidata 1200A interface (Axon Instruments, Foster City, CA). The The similarity in theelectrical conductance of the S26L
traces shown were digitally filtered at 250 Hz for presentation. All
and wild-type channels in CsCl recording solutions indi-points histograms were constructed with a bin size of 0.05 pA (B) and
cates that the loss of electrical coupling in null CMTX0.1 pA (C) and fit to Gaussians using Origin 4.0 software (Microcal
mutations is in itself unlikely to cause the disease. Also,Software Inc.). Pipette resistances were 5±10 MV.
the capacity of Schwann cells to buffer local increases
in K1 resulting from neuronal activity will not be affected
by the S26L mutation, since K1 permeability should dif-M34T, in Cx26 underlies a form of hereditary nonsyn-
dromic sensorineural deafness (Kelsell et al., 1997). fer little in mutant and wild-type channels given the simi-
lar mobilities of Cs1 and K1 in bulk solution.The S26L mutation reduces channel permeability by
causing a substantial reduction in pore radius of the Although there is cytoplasmic continuity between ab-
axonal and adaxonal regions of the Schwann cell, gapopen state. Nonelectrolytes with radii greater than 3.1
AÊ are excluded from channels formed by the mutation, junctions between successive turns of the cytoplasmic
spirals at the paranodes and Schmidt Lantermann inci-and permeability to hydrated ions with a radius greater
than z3 AÊ in radius should be greatly reduced. sures should significantly increase communication of
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junction permeable molecules between inner and outer partial reduction in macroscopic junctional conduc-
tance could result in a substantial change in the distribu-regions, as they could decrease the distance traveled
tion of molecules.by such molecules by several hundred fold. For exam-
There is considerable evidence that the maintenanceple, the center-to-center spacing between paranodal
of myelinsheaths inperipheral nerve requires the contin-cytoplasmic loops is z0.1 mm, while the circumferential
ual expression of genes in Schwann cells that are con-distance around a 10 mm diameter axon is 10p mm for
trolled by signals arising from interactions with the axonan z300-fold difference in distance. This calculation
and that thesesignals rely on diffusablesecond messen-assumes a negligible concentration drop across the
gers (see Mirsky et al., 1980; Salzer et al., 1980; Lemkejunctions between loops. The calculated electrical resis-
and Chao, 1988; Monuki et al., 1989; Lemke, 1990;tance around a 10 mm diameter fiber of a cytoplasmic
LeBlanc et al., 1992; Poduslo et al., 1995). The data pre-loop 0.1 mm in diameter with resistivity of 100 V cm
sented in this paper make it unlikely that second mes-would be about 4 3 109 V or 250 pS, so that as few as
sengers such as IP3, cAMP, cGMP, or Ca21 would per-five 50 pS channels would provide a significant shunt.
meate either the S26L channel or the substate of theFor both the reduction in distanceand shunting provided
M34T channel. Both cAMP and cGMP permeate wild-by a fixed number of gap junction channels, the effect
type Cx32 channels (Bevans et al., 1997), and it is likelyis greater for larger diameter fibers.
that Ca21 with a hydrated radius of 4 AÊ permeates theThe loss or attenuation of the gap junctional pathway
z7 AÊ radius wild-type channel (see Saez et al., 1989).would alter the distribution of stable molecules gener-
We favor the hypothesis that the primary defect thatated at one site and utilized at a distant site, increasing
underlies CMTX disease in the S26L and M34T kindredsthe concentration of molecules at the former and de-
is the reduced permeability of Cx32 junctions, whichcreasing them at the latter. The effect on distribution
attenuates second messenger signals, causing alter-would be greater for short-lived molecules that could
ations in the expression of genes that are required tobe degraded or sequestered en route. Consequently,
maintain the differentiated (myelinating) state of SchwannCMTX disease in the S26L kindred seems likely to arise
cells. At present, cAMP is the best candidate messen-from reduced intracellular movement of diffusable, pos-
ger. It appears that elevations of cAMP in Schwannsibly short-lived molecules between 3 and 7 AÊ in radius.
cells, which may result from direct axonal±Schwann cellM34T could cause CMTX disease, not by a reduction
contact, are at least partially involved in the inductionin permeability of its fully open state, but rather by the
of genes necessary for myelination (Mirsky et al., 1980;reduction in time spent in that state. Our data indicate
Salzer et al., 1980; Lemke and Chao, 1988; Monuki etthat the channel resides predominantly in a 15±20 pS
al., 1989; Lemke, 1990; LeBlanc et al., 1992) and in thesubstate at physiological conditions. Although we have
maintenance of the myelin sheath (Poduslo et al., 1995).not determined the permeability of the M34T 15±20 pS
These genes include those encoding the major myelinsubstate, it is likely to be impermeable to molecules
structural proteins, protein zero (P0), myelinbasic proteingreater than 3 AÊ in radius. The z4-fold decrease in con-
(MBP), and PMP22. It is interesting to note that muta-ductance of the substate would be produced by a 50%
tions of genes encoding P0 and PMP22 underlie CMT1Breduction in pore radius (from 6±7 AÊ to 3±3.5 AÊ , or close
and CMT1A, respectively. Attenuation of cAMP signalsto that determined for S26L), if we assume that both the
may lead to demyelination as a result of the down-regu-fully open channel and substate are uniform cylindrical
lation of myelin structural proteins. It is interesting tostructures. Even if the permeability of the substate to
note that the Cx32 promoter region contains two cAMPlarger molecules was unchanged relative to that of the
response elements (Miller et al., 1988) that may modu-fully open state, the flux of molecules would be de-
late its expression in Schwann cells. The reductions in
creased by at least 4-fold. The reduction inconductance
cAMP permeability that may occur in mutations such
is large enough that the concentration of molecules re-
as V38M, which reduce macroscopic junctional conduc-
quired for the maintenance of myelin could be reduced
tance, may prevent normal Cx32 expression, further ex-
below a critical level. Thus, although the S26L and M34T acerbating the effect of the mutation by reducing the
mutations have very different effects on the structure number of gap junctional channels formed between
and function of gap junction channels, both may act by myelin.
reducing permeation of the same molecules. It is also likely that Schwann cells produce trophic
The large reduction in junctional currents in V35M factors that are required for axonal maintenance and
suggests that the open probability of these channels is that the release of these molecules may require signals
significantly reduced, and that like M34T, most V35M whose intracellular propagation is facilitated by gap
channels would reside in a residual conductance state junctions. The loss of trophic support accompanying
at small Vj. It is possible that the larger fraction of V38M dedifferentiation or loss of Schwann cells could explain
channels is fully open under physiological conditions, the axonal degeneration that characterizes CMTX dis-
as the Gj-Vj relation of V38M homotypic junctions ap- ease. Large, thickly myelinated axons, which would rely
pears to be shifted less than that of M34T and V35M more on the gap junctional pathway to facilitate commu-
(Figure 2). If permeation through the fully open state of nication between theperiaxonal and the peripheral cyto-
V38M channels does not differ greatly from wild type plasm, would be expected to be more susceptible to
(which may be true of M34T), then it is possible that a the disease. This prediction appears to be born out by
partial rather than complete reduction in macroscopic histological examination of nerve biopsies from CMTX
junctional conductance without change in permeability patients (Rozear et al., 1987; Nicholson and Nash, 1993).
Large fibers are reduced in number, and the internodalunderlies some cases of CMTX. As discussed above, a
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Recording and bath solutions in double whole-cell patch experi-distance may be decreased, suggesting that remyelina-
ments of transfected Neuro-2A cell lines were as follows: in thetion has occurred.
CsCl experiments, pipette solutions contained 140 mM CsCl, 10We cannot rule out the possibility that the primary
mM TEACl, 2 mM BAPTA, 1 mM CaCl2, 10 mM HEPES (pH 7.2). Theeffect of the S26L and M34T mutations is to cause the cells were bathed in a solution containing 142 mM NaCl, 1.3 mM
disruption of cellular homeostasis arising from changes KCl, 0.8 mM MgCl2, 0.9 mM NaH2PO4, 1.8 CaCl2, 5.5 mM dextrose,
10 mM HEPES (pH 7.2). In the LiCl experiments, the pipette solutionsin the cellular distribution of metabolites. The effect
contained 145 mM LiCl, 2 mM BAPTA, 1 mM CaCl2, 5 mM HEPESwould be greatest if the relevant metabolite was short-
(pH 7.2). TTX (10 mM) was added to the bath solution to reducelived and synthesized in regions distant from where it
nonjunctional currents. All solutions were osmotically balanced atwas utilized and presumably was in limiting supply. ATP
300 mOsm/kg. In pore-sizing experiments, recording solutions con-
may be a good candidate, as it would likely permeate tained 100 mM CsCl, 2 mM TEACl, 2 mM BAPTA, 1 mM CaCl2, 10
the wild type but not the mutant channels. Alternatively, mM HEPES (pH 7.2). Nonelectrolytes were added in concentrations
sufficient to maintain 300 mOsm/kg; this was 50 mM in the case ofa toxic metabolic product could accumulate periaxo-
the polyethylene glycol series and z100 mM for mannitol and glyc-nally in the absence of functional gap junctions leading
erol. Hydrodynamic radii (AÊ ), taken from Karsilnikov et al. (1995),to the loss of Schwann cells.
solution conductivity (mS/cm), and Cl2 activity (mM) of the solutionsOur results do not explain the mechanism(s) responsi-
were, respectively: PEG 900: 9.0, 13.1, and 117; PEG 600: 8.0, 13.6,
ble for the delay in onset of CMTX disease or its apparent and 117; PEG 400: 7.0, 14.3, and 115; PEG 300: 5.8, 15, and 115;
restriction to longer axons. The changes in junctional PEG 200: 4.5, 15, and 111; mannitol: 3.7, 13.4, and not determined
(ND); glycerol: 3.1, 13.7, and ND. Pipette resistances were 5±10 MVpermeability described here would not change in an
in the bath solution.age-dependent manner or with axonal length but would
be more deleterious in larger diameter axons. Delayed
onset could arise if the maintenance of the myelinated Determination of Reversal Potentials in Gap
state becomes more dependent upon signaling through Junctions between Neuro2-A Cells
The contribution of the junctional current (Ij) to the total current, It,the gap junctional pathway with increasing age, if the
where It 5 Ij 1 Inonjunctional , measured in the unstepped cell, could benature of the signaling molecule changes, if the ability of
accurately measured only when the cell pair expressed a singleSchwann cells to remyelinate axons decreases following
channel that underwent a gating transition to Ij 5 0 or spontaneouslyrepeated demyelinations, or if the diameter increases uncoupled and recoupled during the application of a set of voltage
sufficiently. It is possible that a large number of Schwann ramps. Because of this limitation, data are presented for a single
cells must be lost to compromise trophic support to cell pair in each experimental condition. Qualitatively similar results
(slight anion selectivity and reduced Li1 permeability) were obtainedsome critical level that initiates axonal degeneration and
in cell pairs containing more than one channel, in which the contribu-that this level is lower in longer axons. Detailed anatomi-
tion of Ij to It was determined at the end of the experiment by killingcal and neurological characterizations of patients at var-
the ramped cell, which causes junctional conductance to go to zero.
ious stages of CMTX disease as well as molecular stud- These data were not included in the quantitation of permeability
ies of normal glial-neuronal interactions may allow due to complications arising from possible differences in the ion
distinctions to be made among these possibilities and selectivities of the fully open and subconductance states and the
assumption that Inonjunctional was constant throughout the course ofmay provide additional clues leading to the identification
the experiment. PCl/PCs was determined using asymmetric (10:1) so-of critical molecules whose distribution and functional
lutions. The ramped cell contained 147 mM CsCl, 2 mM TEACl, 2role are affected by the loss of Cx32 function. Future
mM BAPTA, 1 mM CaCl2, 5 mM HEPES (pH 7.2) (300 mOsm/kg).studies of the permeability of the four mutations, I30N, The concentration of CsCl in the unramped cell was reduced to 14.7
P87A, E102G, and D111±116, reported here as well as mM, and osmolarity was adjusted to 300 mOsm/kg by the addition
other CMTX mutations that form channels with wild- of mannitol. Cells were bathed in the low-salt solution containing 1
mM CaCl2 without BAPTA to reduce the contribution of Inonjunctionaltype macroscopic properties should be useful in this
current to It. Offset potentials in the recording pipettes (5±10 MV)regard. The molecular mechanisms underlying Schwann
were nulled in the bath solution prior to seal formation. In the deter-cell differentiation and glial-neuronal interactions are
mination of PLi/PCs, the ramped cell contained 75 mM LiCl, 2 mMbeing rapidly elucidated (Mirsky and Jessen, 1996; Zo- BAPTA, 1 mM CaCl2, 5 mM HEPES (pH 7.2). In the unramped cell,
rick and Lemke, 1996). These studies may lead to the LiCl was replaced with 75 mM CsCl. The bath solution contained
identification of pharmacological agents including cyto- 75 mM CsCl, 1 mM CaCl2, 10 mM TTX, and 5 mM HEPES (pH 7.2).
All solutions were adjusted to 300 mOsm/kg with mannitol. Prior tokines and trophic factors that maintain the differentiated
whole-cell recording, the potential was set at zero with the pipettesstate of Schwann cells and may provide an effective
immersed in 3 M KCl to remove liquid-junction potentials. The poten-means of controlling the onset and progression of CMTX
tial difference between the Cs- and Li-containing pipettes was mea-
disease. sured following their transfer to the cell bath solution. The value
obtained, 6.9 mV, was close to that predicted by the GHK voltage
equation, 7.4 mV, based on the bulk solution mobilities of the ionsExperimental Procedures
contained in the recording solutions.
Cell Transfections
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Macroscopic recordings and analysis of junctional currents from
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